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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

A CORRELATION OF EXPERIMENTAT. ZERO-LIFT DRAG
OF RECTANGULAR WINGS WITH SYMMETRICAL NACA 65-SERIES
ATRFOIL SECTIONS BY MEANS OF THE TRANSONIC SIMTILARITY
LAW FOR WINGS OF FINITE ASPECT RATIO

By Edward C. B. Danforth
SUMMARY

A transonic simillerity law has been derived in NACA TN 2273, which
is applicable to wings of finite aspect retio and has the interesting
feature that the form of the law coincides with one form of the simi-
larity law of linearized theory. One part of this law has been applled .
to the correlation of the zero-1lift drag of rectangular wings obtalned
by means of the free-fall and rocket techniques. The wings had sym-
metrical NACA 65-series airfoil sections, exposed aspect ratios between
1.12 and 6.25, and thickness ratios between 0.03 and 0.12.

A gllight modification to the similarity law was made to make its:
application to the correlstion of experimental data more convenient.
The similarility law in the modified form was found to correlste the data
so as to make posslble the estimatlion of the zero-l1ift drag of rec-
tangular wings other than those tested. :

* It wes also shown, ln the Interest of clarity, how the principles
of similarity may be adapted to swept wings by the inclusion of a sweep
parameter identical to that of the linearized theory. The correlation
of data for swept wings will In general be more difficult than for
straight wings because of the added perameter. The delta wing, however,
is -a speclal class of swept wing for which correlation may be affected
as easily as for the case of the straight wing.

INTRODUCTION

A similerity law which relates the transonic flow gbout wings of
finite span has. been derived in reference 1. One part of this law
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states that, for all thin wings of & given thickness distribution, emd -
spanwise distribution of chord operating at zero lift and at Mach .
mmbers very near 1.0, the expresslon for the pressure-drag coefficlent .

may be written as

CDP V_—-—l Al/;d__

C O

For two-dimensionsl flow the parameter involving aspect.ratio may
be dropped so that the expression for the pressure-drag coefficient =
becomes T

ct

e -1

This expression mey be shown 10 be equivalent to the two-dimensional
law for transonic flow derived in references 2 and 3. Zero-lift drag
data for wings of fairly high aspect ratio have heen correlated by .
means of the two-dimensional law in reference 4.

The results of reference 1, aslde from the inclusion of the aspect-
ratio parsmeter, asre interesting in another respect. The parameters on
which transonic similarity is found to depend are ldentically those
paremeters which appear in the similarity lews of linearized theory.
Therefore, as was pointed out in reference 1, it should be possible to
correlate experimental date, to the first order, by a single principle
throughout the subsonic, transonic, and low supersonic regimes without
fear that the principle will become inapplicable at any Mach number
within these limits.

Sufficient dasta with which to assess the applicability of the
similarity lew of reference 1, insofar as the correlation of zero- -1ift-
drag date is coricerned, may be found in the results of tests of wings
by the free-fall and rocket techniques reported in references 5 to 9.
The drag data for rectangular wings with symmetrical NACA 65-series
alrfoill sectlons avallable in these sources have been collected and are
correlated herein.

COUTL IR Ny
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Aex

SYMBOLS

aspect ratio

exposed aspect ratio, defined as ratio of square of total
exposed span to exposed wing plan ares

wing span
mean geometric chord parallel to plane of symmetry

local chord parellel to plane of symmetry

total drag coefficient based on exposed plan ares

friction-drag coefficlent based on exposed plan area

bressure-drag coefficient based on exposed plan sreas,
(CD B CDf)
functions
free-stream Mach nunber
maximum thickness of wing at mean geometric chord
wing thickness ratio at mean geometric chord
dimension in chord plane parallel to plane of symmetry
dimension in chord plane perpendlcular to plane of symmetry
dimension perpendicular to chord plane

angle of sweep

RESULTS AND DISCUSSION

Basic data.- The basic data to be correlated in the subject paper
are presented in filgure 1. The total drag coefficlent based on exposed
wing area is shown as a function of free-stream Mach number for a series
of rectangular wings of various aspect ratios and with symmetrical

e
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NACA 65-series airfoils of various thickness ratios. fThe data for the
wings with exposed aspect ratios of 6.25 and 3.75 were obtained by the
free-fall technique and were teken from references 5 to 7, while the
data for the exposed aspect ratio of 1.12 were obtained by the rocket
technique and were taken from references 8 and 9. The rather arbitrary
reagson for the choice of exposed aspect ratio rather than the total
aspect ratio dppears later in the discussion. . oL

Several factors influenced the selection of this particular group
of data. In the first place, the transonic similarity law is applicable
only to wings with affinely related plan forms. Adherence to the .
requirement that all wings must have the same thickness distribution
limits the correlation to wings having alrfoill sections of the same
family. "Transonic test data fulfilling these requirements were most
numerous for rectangular wings with symmetrical NACA 65-series airfoil
sections. In order that the effects of wing-body interference might
be kept to & minimum, only those wing-body data obtained in conjunction
with cylindrical bodles have been congidered-in the analysis.

The data of figure 1 are not ldeal from the standpoint of comparison
with the theoretical similarity laws. The derivation of these laws does
not teke Iinto account that the wings have stagnation points, boundary
layers, certainly some separation at high subsonic speeds, and at the

NS

higher transonic, speeds have local velocities that are well above sonic ?;"___i

speed. The 65-serles-airfoll family is itself not ideal since the
leading edge 18 blunt and the thickness distributions vary Blightly with
thickness ratio.

The actual flow sbout wings will aslways violate to some extent the
agsumptions involved in the formulstion of the gimilarity laws. The
similarity lews themselves are approximations; true similarity is never
realized except under identical conditions. In g test of the similarity
laws one should not inquire which airfoil shape will best f1t the
assumptions, but, rather, one should determine to what extent similarity
can be realized in practice and to what extent the similarity laws
afford a means for the correlation of experimental data. For this
broader purpose the use of practical airfolls such as the 65-series is
desirgble.

‘Modified similarity rule.- In reference 1 it is shown that for
transonic flow over thin wings of a gilven thickness distribution and

spanwlge distribution of chord the expression for the zero-lift pressufé-
drag coefficient msy be written as = o

e A\ - 1 'AV§§——_1
L™

O IIEN
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In this form the similarity law 1s not particularly convenient for use
in the correlation of experimental data. The difficulty lies in the

parameter A\/M2 - 1. At a Mach number of 1.0 this parameter becomes
zero independently of the aspect ratio. It thus becomes impossible to
correlate data at a Mach number. of 1.0, since, experimentally, it is
found that s strong effect of aspect ratio is there present. The 4if-
ficulty at M = 1 can be avoided, however, by modifying the similarity
parameters slightly.

A comparison of equations (18) and (19) of reference 1 will show
that, provided the Mach number is different from 1.0, the parameter

I 1/3 -
A M2 - 1 may be replaced by A(E> . For Mach numbers different
c
from 1.0, the similarity law may then be written in modified form as

° U2 -1 [e\/3
(El;§/3 =8 (j:_):_"/y (—Jg) (M4 1)

(e

which mey be shown to be identical in form with the similarity law of
linearized theory. Thus, for Mach numbers different from 1.0, at

constant values of YL~ 1 tne drag parameter is a function only

B
c,
t\l/ 3 . :

of A(E ) . It might be anticipated that the drag parameter will also

1/3
depend only upon A(g) at M =1. An unpublished theoretical study

by Mr. Harder of the Langley Laboratory does, indeed, show that at
M=1.0 the similgrity law reduces to

—
=
1]

e -aie)” .

(2"
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With full generality, then, the expression |

Cop b= - 1 ";".1/
(3)5/3 -8 (Mi)l/?)’ A(—) ’

C
Cc [+

may be expected to hold at any transonic Mach number.

There is some gquestion of the proper deéfinition of aspect ratio
for the case. of wings mounted on bodies. It is assumed herein that _
the body 1is effective as an end plate and the aspect ratio of the exposed

wing A,, 18 used. Furthermore, the absolute value of M2 - 1 has

been chosen under the radical to avold the appearance of imaginary
guantities at Mach numbers less than 1.0. =~ S S

Correlation of data.- From the data of figure 1, the parameters

c S N
-—227— and M - L . have been calculated at mamy points through-
+\273 ni/3
() (%)
out the test Mach number range for each wing and are pgqtted in figure 2
© 2 - 1
as T\573 as a funcbion of. NAWER The date in figure 2 have
[ T :

been plotted as points rather than as falred curves for clarity. In
the calculation of the pressure-drag coefficient CDP an assumed skin-

friction drag coefficient 0.006 has been subtracted from the total-drag
coefficient in figure 1. ’

The data in figure 2 are already 1in the form suggésted by the
modified transonic similarity law inasmuch as to each wing there cor-
1/3
responds & value of Aex<2) . However, it remains to be shown that
c . . _

Dp . ' 1/3 : '
the variation of _4—-§7§ with Aex(%) / at partlcular values of

G R :

is consistent and to interpolate curves representing various

M2 - 3
)}/3

(

)

ot

TS - L

P
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= for use in estimating the drag coefficient of

£ \L/ 3
values of Aex( )
other wings.

The data of figure 2 have been cross-plotted at several values

2 Cp
of __’M_'_ll a8 —2% _ as a function of ——L . Samples of

©" @ al2)”

these cross plots are shown in figure 3, which also indicates the type
of fairing employed. It has been attempted to extrapolate the data to
infinite aspect ratio by a linear extrapolation of the fairing to

1

relE)

figure I has been prepared in which the drag parameter is shown as a

M - 1] /3

(§>l 3

Figure 4 represents the final correlation of the original data of
figure 1 according to a modification of the similarity law of refer-
ence 1. The correlation 1s felt to be In a particularly convenient

= 0 as indicated. From plots such as those of figure 3,

function of for various values of Aexcg)

1/3
form since the curves of constant AexCE) each represent the varia-

tion of the drag parameter for a possible wing. At any constant value

2
of 'M ~ ll the dreg parameter depends only upon the particular

C
combination of aspect ratioc and thickness ratio represented by the
1/3
:)

1/3
parameter Aex(%) . High values of Aex<—- correspond to high

c
values of the drag parameter. It must be remembered, however, that the
assumptions involved in the formulation of the similarity law require

)7

that high values of Aex(% be associated with high values of the
aspect ratio only. The thickness ratio must slways be small.

It is the sense of the similarity law that figure 4 can be used to
estimate the drag of thin rectangular wings of any particular aspect
ratio and thickness ratio provided the alrfoil section 1s represented
closely by the symmetrical NACA 65-series. In making use of figure U4

s .
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it should be kept in mind that the data upon which the correlation was

1/3 _ 3 :
founded extended to values of Aex(é) only as great as about 3.1.

The curves in figure 4 for values of Aex<t) 1/3 of 5 and greater

(shown by dashed lines) are extrapolatlons and as such are uncertain.
In order that the use of figure 4 may be simplified, curves from which

1
(g) /3, (%)5/3, and . ’Mz - l, may be obtained are presented in
figure 5. o ' ’ '

In order to test the consistency of the fairing employed in the
.preparation of figure 4, the variation of Cp with M for each of

the wings used in the correlation has been recomputed from figure L4
and compared'‘with the original data in figure 6. For the most part,
the recomputed data, shown as symbols, agree well with the original
data. Since the correlation curves represent the falred composite of
data for all the wings, it is not to be expected that local irregular-
ities in the drag curve of any psrticular wing would be reproduced.

Similarity law for swept wings.- The simlilerity laws given in
reference 1 apply to affine wings whether straight or swept. However,
the form of the expression for the thickness distribution used in
reference 1 makes the applicatlon to swept wings somewhat obscure. In
the interest of clarity, it will be shown how the principles of simi-
larity mey be adapted to swept wings by the inclusion of g sweep param-
eter in addition to the aspect-ratio parameter.

Similarity of flow can exist only for those wings with identical
nondimensional thickness distributions. In describing the thickness
distributions of swept wings in Cartesien coordinates, it is convenient
to choose some particular constant chord line ss a reference (fig. 7).
The sweep of the wing may then be defined as the sweep of this constant
chord line and distances in the chord plane parallel to the plane of
symmetry mey be measured with respect to this line. The thickness dis-
tribution of a swept wing mey thus be written as '

. P — w—..;@
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The identity of thickness distribution for a series of swept wings thus
requires the identity of the boundaries of the nondimensional plan forms

defined by

f(x—ztanA’ %)=O
(]
1

or

[ed
fi__Z.XAtan X:O
CZ c b b

Thus, flow simllarity for swept wings requires that the airfoil
gsections in the plane of symmetry be of the same family and that the
spanwise distribution of chord be ldentical Just as in the case of
straight wings. In additlon, when sweep is introduced, it is required
that the product A tan A be equal if flow gimilarity is to exist.
The angle of sweep must always be measured with respect to the same
constant chord line. Since it has already been shown that flow simi-

1
larity requires equality of the parameter A(%) /3, 1t is evident that

the parameter Pgﬁf‘:—a— must also be equal for swept wings.

(®

The transonic similarity law for the zero-1ift drag of swept wings
may now be written as

p _ _ G| -1 (3)1/3 tan A
(3)5/3 : (3)1/3' c/ (t>173

c I C.

c
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whichjmay be shown to coincide with one form of the simllarity law of
linearized theory. At & Mach number of 1.0 thils expression reduces to

Cp  _ . l/6\3 ten
-(:5_75 hA<c) ’ (-2)1?3 , o

Parsllel relations msy be written for the 1ift and moment coefficients.

The correlation of experimental data for swept wings will in
general be more difficult than for the case of straight wings because
of the additional similarity parameter involved. In the case of the
delts wing, however, the aspect ratio is inversely proportionsl to the
tangent of the angle of sweep so that either the aspect-ratio parameter
or the sweep parameter may be dropped in preference to the other. The
correlation of experimental date for delta wings, then, should be no
more difficult than for the case of straight wings.

CONCLUDING REMARKS

One part of the transonic similarity law of NACA TN 2273 has been
applied to the correlation of zero-lift drag data of rectengular wings
obtained in conjunction with cylindrical bodies by means of the free-
Pall and rocket techniques. The wings had symmetrical NACA 65-series
airfoil sections, exposed aspect ratios between 1.12 and 6.25, and
thickness ratios between 0.03 and 0.12. )

A slight modification to the similarity law of NACA TN 2273 was
made to avoid an indeterminacy at a Mach mumber of 1.0. The similarity
law in the modified form was found to correlate the deata so as to make
possible the estimation of zero-lift drag of rectangular wings other
than those tested. )

It was also shown, in the interest of clarity, how the principles
of similarity mey be adapted to swept wings by the inclusion of a sweep
parameter identicel to that of the linearized theory. The correlation
for swept wings will, in general, be more difficult than for straight
wings because of the additional parameter. The delta wing, however, is
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a speé¢ial class of swept wing for which correlation mey be effected as
easily as for the case of the straight wing.

Langley Aeronauticel Leboratory
National Advisory Committee for Aeronsutics
Langley Fieid, Va. : :
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